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Illumina HiSeq 2000The green rice leafhopper (GRH), Nephotettix cincticeps, is one of the most important pests of rice in tem-
perate Asian countries. GRH, a vascular feeder, secretes watery and gelling saliva in the process of feeding
on phloem and xylem sap. It is known that GRH saliva contains several bioactive proteins, including
enzymes such as laccase and beta-glucosidase. In this study, we performed transcriptome analysis of sal-
ivary glands of GRH using Illumina paired-end sequencing. Of 51,788 assembled contigs, 16,017 (30.9%)
showed signiﬁcant similarity to known proteins in the NCBI nr database, while 34,978 (67.5%) could not
be annotated by similarity search, Pfam, or gene ontology (GO). Contigs (905) with predicted signal pep-
tides and no putative transmembrane domains are suggested to represent secreted protein coding genes.
Among the 76 most highly expressed putative secretory protein contigs, 68 transcripts were found to be
salivary gland-speciﬁc or at least -dominant, but not expressed in stomach or Malpighian tubules. How-
ever, 45 of the 68 transcripts were unknown proteins. These ﬁndings suggest that most of the GRH tran-
scripts encoding secreted proteins expressed in salivary glands are species and/or tissue speciﬁc. Our
results provide a fundamental list of genes involved in GRH–Poaceae host plant interactions including
successful feeding and plant pathogen transmission.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The green rice leafhopper (GRH), Nephotettix cincticeps (Uhler)
(Hemiptera: Cicadellidae), is one of the most important pests of
the rice plant in temperate regions of East Asia, including Japan.
GRH directly damages the rice plant by sucking, and causes sec-
ondary damage by transmitting viruses and phytoplasma diseases
as a vector (Nakashima et al., 1991; Satomi, 1993; Hibino, 1996).
GRH pierces with its stylet and mainly sucks phloem and xylem
sap of the host plant (Naito and Masaki, 1967; Oya, 1980). Analysis
of the feeding behavior using an electrical penetration graph
system revealed that GRH showed salivation prior to ingestion of
phloem or xylem sap during feeding activity on rice plants
(Kawabe, 1985).
While feeding, GRH discharges gelling and watery saliva into
the rice plant tissues (Sogawa, 1967, 1973; Hattori, 1997).
Recently, laccase, a calcium-binding protein, and beta-glucosidase
were identiﬁed in GRH watery saliva or salivary sheaths derived
from gelling saliva, and possible functions were proposed for them.However, the number of components present in the saliva remains
largely unknown (Hattori et al., 2005, 2010, 2012; Nakamura and
Hattori, 2013). It is considered that GRH produces effectors in its
oral secretions, like other insect herbivores such as aphids. The
saliva-derived effectors modulate the response of the host plants
to overcome plant defense, eventually enabling the insects to
derive nutrients from the plants (Wu and Baldwin, 2010; Bos
et al., 2010; Hogenhout and Bos, 2011).
The salivary gland transcriptomes of plant-sap feeders have
been analyzed in several hemipterans such as the potato leafhopper
Empoasca fabae (DeLay et al., 2012), the pea aphid Acyrthosiphon
pisum (Carolan et al., 2011), the whiteﬂy Bemisia tabaci (Su et al.,
2012), and the brown planthopper (BPH) Nilaparvata lugens (Ji
et al., 2013). Mass transcript sequences were identiﬁed in the
insects, among which secretory saliva components were expected
to be represented. Some components are ubiquitous, and some
are expected to be essential for successful and stable feeding.
Identifying candidate transcripts of the latter type is desirable.
However, a high proportion of genes show no similarities with
the deposited genes of database, partly because many of them
may be expressed as species- and/or saliva-speciﬁc genes.
In this study, we analyzed the sialotranscriptome of GRH,
an Auchenorrhyncha vascular feeder. Our analysis provides
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understanding GRH–host plant interactions and plant–pathogen
transmission.
2. Materials and methods
2.1. Insect samples
Green rice leafhoppers (GRH) were collected in Tsukuba city in
Ibaraki prefecture, eastern Japan in 1993. GRH was maintained on
rice seedlings in the laboratory at 25 C with a 16-light:8-dark
photoperiod. Salivary glands were dissected from 74 adult females
within seven days after eclosion and homogenized in TRIzol
(Invitrogen, CA). After centrifugation, the supernatant was mixed
with chloroform and further centrifuged and collected. After being
mixed with 70% ethanol, the sample was applied to an RNeasy Mini
spin column (Qiagen, CA), washed, and eluted. Quality and
quantity checks of RNA samples were performed using a Nanodrop
(Thermo Fisher Scientiﬁc, MA) and Agilent 2100 Bioanalyzer
(Agilent Technologies, CA).
2.2. Illumina paired-end sequencing
The RNA samples were stored at 80 C until use. The library
was prepared and sequenced at Hokkaido System Science
(Hokkaido, Japan). cDNA library preparation and sequencing were
performed using an Illumina HiSeq 2000 sequencer (Illumina,
CA). A total of 42.273 million 100-bp reads were generated.
2.3. Data analysis
2.3.1. De novo assembly of transcriptome data
Low-quality regions in raw reads and adaptors were trimmed
with ea-utils (Aronesty, 2013), prior to analyses. The results of de
novo assembly are summarized in Table S1. The assembled 51,788
contigs (DDBJ BioProject ID PRJDB1562, of lengths 201–18,212 bp,
average length 882.1, N50 contig length 1650, and GC content
0.41) were generated using Trinity package (Grabherr et al., 2011)
and used as a reference. The Trinity contigs were obtained from
the 43,468 Trinity components, which correspond to genes,
including alternatively spliced isoforms and highly similar paralogs
(Table 1).
2.3.2. Functional annotation and differential expression analysis
Open reading frames (ORF) on transcripts were predicted using
transcript_to_best_scoring_ORFs.pl, a script included in the Trinity
package (Grabherr et al., 2011). As a result, 16,335 contigsTable 1
The summary of contigs of salivary gland of green rice leafhopper.
Total number of reference contigs
(The number of Trinity components)
51,788
(43,468)
The number of contigs with BLASTX-hit
(The number of Trinity components)
16,017
(11,651)
The number of contigs with GO annotation 15,457
The number of GO 8754
GO biological process/molecular function/cellular component/ 5565/2249/
940
The number of contigs with Pfam annotation 11,507
The number of Pfam 3662
The number of contigs with orthologous group 13,228
The number of orthologous groups 247
Total number of putative secreted proteins with predicted
signal peptide and without transmembrane domains
(The number of Trinity components)
905
(731)
Trinity components; genes including alternative spliced isoforms and highly similar
paralogs. GO; gene ontologycontained ORFs of at least 100 amino acids. Of 16,335 ORFs, 7314
were complete. We performed functional annotation of Trinity
transcripts with ORFs using Trinotate, a comprehensive annotation
suite designed for automatic functional annotation of transcripto-
mes (http://trinotate.sourceforge.net/). In the Trinotate pipeline,
sequences were searched against UniProt (The UniProt
Consortium, 2013) using SwissProt (with an e-value cutoff of
105) and assigned GO terms (The Gene Ontology Consortium,
2000). In addition, the contigs were analyzed for conserved
domains with Pfam (Punta et al., 2012); transmembrane domains
with TMHMM (Krogh et al., 2001); signal peptides with SignalP
(Petersen et al., 2011); and orthologs with eggNOG (Powell et al.,
2011) (Table S1).
To identify and normalize the transcript densities, the reads per
kilobase per million mapped reads (RPKM) (Mortazavi et al., 2008)
were calculated.
2.4. Relative expression analysis
2.4.1. Quantitative real-time PCR
Total RNAs were puriﬁed from salivary glands, stomach, and
Malpighian tubules dissected from 29 adult females of GRH using
RNeasy (Qiagen). cDNAs were synthesized from 200 ng RNAs using
random 6-mer primers with the PrimeScript RT reagent kit (Perfect
Real Time) (Takara, Shiga, Japan) in the following program: 37 C
for 15 min, 85 C for 7 s, and ﬁnally 4 C. Quantitative real-time
PCR was performed using Light Cycler 480 SYBR Green I Master
Mix (Roche, Indianapolis) with a Light Cycler 480 System (Roche),
with cycling parameters of 95 C for 5 min, followed by 50 cycles of
95 C for 10 s, 60 C for 20 s, 72 C for 10 s. Primers are listed in
Table S2 (A). Gene-speciﬁc standards were respective plasmids.
All samples were analyzed three times. Data was normalized to
the GRH elongation factor-1 gene (EF-1) (accession number
AB836665, Tomizawa and Noda, 2013).
2.4.2. PCR
A PCR survey of expression patterns was performed using the
cDNAs. The PCR program was of 94 C for 2 min, followed by
30–35 cycles of 94 C for 30 s, 60 C for 30 s, 72 C for 1 min, with
ﬁnal extension of 72 C for 5 min. The basic PCR mixture (20 ll)
consisted of 0.15 lM deoxynucleotides, 0.5 lM forward primer,
0.5 lM reverse primer, 1 ll cDNA template, and 0.5 U ExTaq DNA
polymerase (Takara) in PCR buffer (Takara). Primers are listed in
Table S2 (B).3. Results and discussion
3.1. Comprehensive data
Of 51,788 assembled contigs, 16,017 (30.9%) showed signiﬁcant
similarity to known proteins (Tables 1 and S1). 19 of the 100 most
highly expressed contigs yielded BLAST hits (Table S1). The
results suggest that many transcripts of GRH salivary glands are
species- and/or salivary gland-speciﬁc (see below).
GO assignments were used to predict the functions of contigs.
The 15,457 contigs were assigned 8754 GO terms (Tables 1 and
S3). Multiple GO terms were assigned to 14,581 contigs (a
maximum of 81 GO terms). The three main GO domains were
categorized as biological process (5565 contigs), molecular function
(2249 contigs), and cellular component (940 contigs). Among
biological process terms, the three most abundant GO terms
included two associatedwith transcription (GO:0006351, transcrip-
tion, DNA-dependent; and GO:0006355, regulation of transcription,
DNA-dependent), and one with proteolysis (GO:0006508). Among
molecular function terms, the three most abundant were
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GO:0008270, zinc ion binding. Among cellular component
terms, GO:0005634, nucleus; GO:0016021, integral to membrane;
and GO:0005737, cytoplasm showed the highest frequencies of
occurrence (Table S3).
We identiﬁed 3662 putative conserved domains in 11,507
contigs (Tables 1 and S4). Because Pfam often predicted multiple
motifs in a contig, we deleted overlapping motifs and counted
the remainder. The two most frequently occurring protein domains
were protein kinase domains (PF00069.20; protein kinase domain;
and PF07714.12; protein tyrosine kinase), and the third most
frequent was PF14259.1, RNA recognition motif, putative RNA-
binding domain (Table S4).
We identiﬁed 247 orthologous groups in 13,228 contigs (Tables 1
and S5). The most frequent was COG0515, serine/threonine protein
kinase; the secondwasNOG12793, calcium ionbindingprotein; and
the third was COG2319, FOG: WD40 repeat (Table S5).
3.2. Putative secretory proteins
We identiﬁed putative secretory proteins with predicted
N-terminal signal peptide and no predicted transmembrane
domains. They were expected to include salivary proteins injected
into the rice plants during feeding. In total, 905 putative salivary
secreted proteins were obtained from the 731 Trinity components,
corresponding to genes including alternatively spliced isoforms
and highly similar paralogs (Tables 1 and S6). However, we may
have underestimated the number of secreted proteins, because
signal peptide information could be missing from partial
sequences. More than half of ORF-predicted contigs (55.2%, 9021
of 16,335) were partial sequences (Table S1).
Of 905 putative secretory proteins, 539 contigs showed BLAST
hits against UniProtKB/SwissProt and 366 returned no similarities
with known proteins. Expression analysis using quantitative
real-time PCR (qRT-PCR) was performed for 13 contigs of putativeFig. 1. Transcriptional levels of 13 highly expressed putative secretory proteins of Nepho
Relative expression levels were calculated in salivary glands (SG), stomach (ST), and Malp
S6 and 2). Elongation factor-1 (EF-1) was used as the internal control. The error bar repsecretory proteins that were highly expressed by RNAseq. The top
nine contigs, contig-ID comp13102 (NcSP84) (Hattori et al., 2012),
comp7022, comp10687, comp3975, comp12296, comp13368,
comp9566, comp13667, and comp3979, and the next four BLAST-
hit highly expressed contigs, comp13404 (venom carboxylester-
ase-6) (EC 3.1.1.1), comp7073 (aminopeptidase N) (EC 3.4.11.2),
comp12788 (pancreatic triacylglycerol lipase) (EC 3.1.1.3), and
comp13347 (vitellogenin-A1) (Tables 2 and S6) are shown in
Fig. 1. All of the contigs, except for comp13347 (vitellogenin-A1),
were speciﬁcally expressed in salivary glands; transcript ratios
were 3.7  102  1.9  106 times higher in salivary glands than in
stomach and Malpighian tubules. Of the 13 contigs examined, only
comp13347 (vitellogenin-A1) was similarly expressed in salivary
glands, stomach, and Malpighian tubules, with relative expression
levels 1.54:1:1.72) (Fig. 1). The expression patterns were surveyed
using PCR ampliﬁcation for 63 of the 76 contigs (contig IDs from
comp13378 to comp13413 and comp13407 to comp13545 in
Tables S6 and 2) using cDNAs of salivary glands, stomach, and
Malpighian tubules that were subjected to qRT-PCR. As a result
(data not shown), 56 contigs showed ampliﬁcation almost speciﬁc
to salivary glands and 40 of these showed no similarity to known
proteins. Seven contigs showed ampliﬁcation in all tissues
(salivary, stomach, and Malpighian tubules): comp12773 (protein
disulﬁde-isomerase), comp13517 (40S ribosomal protein S15),
comp13506 (transferrin), comp11878 (proactivator polypeptide),
comp13359 (heat shock 70 kDa protein cognate 3), comp13270
(allergen Cr-PI), and comp13610 (peptidyl-prolyl cis–trans isomer-
ase B). Of the 76 most highly expressed putative secretory contigs,
68 were salivary gland-speciﬁc or at least -predominant transcripts
and 48 of the 66 were unknown proteins. Many highly expressed
transcripts were salivary gland-speciﬁc and unknown, which
suggests that the proteins have speciﬁcally evolved in the relation-
ship between GRH and various poaceous host plants including rice.
In a previous study, NcSP84 (comp13102) was detected as the
most abundant protein in both secreted saliva and salivary glandtettix cincticeps in salivary glands (top nine contigs and next four BLAST-hit contigs).
ighian tubules (MT). BLAST data are described above the contig numbers (see Tables
resents the standard error of three replications.
Table 2
Transcriptional analysis of putative secretory protein contigs (abstract from Table S5). Quantitative real-time (qRT)-PCR or PCR was performed for 76 highly expressive contigs
using RNA of salivary glands (SG), stomach, and Malpighian tubules (MT). All, expression was observed from all of three RNAs (gray color).
n/a: not applicable.
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have three EF hand motifs and was shown to exhibit calcium-
binding activities (Hattori et al., 2012). The function of salivary
calcium-binding protein is expected to be the binding of calcium
ions that trigger the plugging response of wounded sieve tubes
on insect feeding (Knoblauch et al., 2001). In addition, calcium-
binding proteins are contained in the saliva of the pea aphid
(Carolan et al., 2011), although proteins with similarity to NcSP84
have not been reported.
Carboxylesterases are detoxiﬁcation enzymes, as are cytochrome
P450 monooxygenases (P450s) and glutathione S-transferases
(GSTs) in insects (Després et al., 2007), and are considered to play
important roles in insecticide resistance (Silva et al., 2012; Jackson
et al., 2013). However, their functions in the salivary gland remain
unknown.
Aminopeptidase-N catalyzes the cleavage of amino acids from
amino termini of proteins or peptides. Aminopeptidase-N of A.
pisum midgut was found to bind plant-expressed-lectins
(Cristofoletti et al., 2006). Ricin B-like lectin domain-containing
protein was abundantly detected in phloem sap (Aki et al., 2008).
Salivary aminopeptidases have been commonly detected in aphids,
suggesting that they protect from toxicants such as lectins
(Nicholson et al., 2012; Vandermoten et al., 2014).
Salivary lipase was characterized in the wheat pest Hessian ﬂy,
Mayetiola destructor (Say) (Shukle et al., 2009; Benning et al., 2012).
Lipase is considered to be involved in extra-oral digestion and
changes in plant cell permeability or in generation of a second
messenger in a host cell signaling cascade (Munnik et al., 1995;
Wang, 1999).
Vitellogenin, known as egg yolk precursor, acts as an antioxi-
dant in honey bee (Seehuus et al., 2006; Havukainen et al., 2013).
If vitellogenin is secreted in saliva, it may protect GRH from reac-
tive oxygen species (ROS) produced in host plants during stylet
penetration (Bonaventure, 2012; Kerchev et al., 2012), given that
ROS are defenses against pest injury in rice plants (Liu et al., 2010).
NcLac1S (comp13568) was also characterized in GRH as a
salivary gland-speciﬁc laccase gene with different characteristics
from a cuticle laccase gene NcLac2 (Hattori et al., 2010). Its
possible function is the detoxiﬁcation of plant phenolics and the
coagulation of the stylet sheath via a quinone-tanning reaction
(Sogawa, 1971; Hattori et al., 2005).
3.3. Comparison with other hemipterans
Transcriptome analyses have been performed in other plant sap
feeder hemipterans, including A. pisum (Carolan et al., 2011), the
potato leafhopper E. fabae (DeLay et al., 2012), the whiteﬂy B. tabaci
(Su et al., 2012), and BPH (Ji et al., 2013). A. pisum, B. tabaci, and
BPH are sheath-feeders like GRH, whereas E. fabae feeds by using
cell rupture in addition to sheath feeding methods (Backus et al.,
2005). A. pisum, E. fabae, and B. tabaci have a very wide host plant
range among families (Lamp et al., 1994; McVean and Dixon,
2002), although the insects sampled were maintained on a single
particular host plant: A. pisum, faba bean; E. fabae, alfalfa; B. tabaci,
cotton (Carolan et al., 2011; DeLay et al., 2012; Su et al., 2012). In
contrast, the host range of GRH is restricted to Poaceae including
rice, and BPH speciﬁcally feeds on Oryza species. Methods of
sialotranscriptome analysis were not identical among these
insects. The Trinity components obtained for GRH (41,650)
exceeded those of the other species (37,666 for BPH, 30,893 for
E. fabae, 13,615 for B. tabaci, and 9417 for A. pisum, although
next-generation sequencing technologies were used for BPH,
E. fabae and B. tabaci). This difference may be attributable to the
respective RNA-seq methods or to the complexity of GRH saliva.
Some enzymes possibly involved in digestion, suppression of
host plant defense responses, and/or detoxiﬁcation have beenuniversally predicted in the secretory protein lists of these
sap-sucking insects: serine protease, disulﬁde isomerase, lipase,
and dehydrogenase (Carolan et al., 2010: Su et al., 2012; DeLay
et al., 2012; Ji et al., 2013) (Table S1).
In the GRH salivary transcriptome, three unique contigs of
endo-beta glucanase (EGase) (comp12770, comp10542, and
comp96112) (EC 3.2.1.4), and one contig of alpha amylase
(comp218776) (EC 3.2.1.1) were predicted, although their expres-
sion levels were not high (Table S1). EGase cleaves amorphous sites
of cellulose chains (Watanabe and Tokuda, 2010), and xyloglucan.
Alpha amylase hydrolyzes the bonds of oligosaccharides and poly-
saccharides. Cellulose and polysaccharides are major components
of plant cell walls, and xyloglucan is abundant in phloem cell walls
of commelinid monocotyledons, including rice plants (Brennan and
Harris, 2011; Yokoyama and Nishitani, 2014). In the E. fabae
sialotranscriptome, 58 EGases and 36 alpha amylases (DeLay
et al., 2012), and in BPH, one EGase, two beta-1,3-glucanases,
and one alpha amylase were found (Ji et al., 2013). In B. tabaci,
two alpha amylases were predicted in the transcriptome (Su
et al., 2012). They are putative degrading enzymes for plant cell
walls, facilitating sap-sucking.
Among detoxiﬁcation-associated proteins, P450 and GST are
expected to be important for resistance to xenobiotics including
plant allelochemicals and insecticides (Feyereisen, 2005; Després
et al., 2007; Li et al., 2007). GRH contained 59 putative P450s
and 20 glutathione-S-transferases (GSTs) as unique contigs, with
various expression levels (Table S1). In BPH, 63 P450s and one
GST were found (Ji et al., 2013). In E. fabae, 41 P450s and four GSTs
were predicted (DeLay et al., 2012), in contrast to eight and ﬁve,
respectively, in B. tabaci, (Su et al., 2012) and only one and three
in A. pisum (Carolan et al., 2011). Aphids and whiteﬂies including
A. pisum and B. tabaci penetrate the epidermis with their stylets
and intercellularly probe parenchyma cells before reaching the
phloem (Nault and Gyrisco, 1966; Walker and Perring, 1994;
Jiang et al., 1999), although brief cell punctures are performed dur-
ing intercellular penetration (Tjallingii, 1985; Janssen et al., 1989).
In contrast, GRH and BPH intracellularly penetrate mesophyll or
parenchyma cells until the vascular bundles are encountered
(Naito and Masaki, 1967; Sogawa, 1982). E. fabae is both a cell-
rupturing and sheath feeder and mechanically injures parenchyma
cells and phloem (Backus et al., 2005). Thus, these Auchenorrhyncha
species puncture the parenchyma or mesophyll cells, thereby come
into contact with defensive chemicals that are stored within
vacuoles and apoplasts. This behavior may explain why GRH and
other hoppers possess multiple P450 (isoforms), which catalyze
the oxidation of diverse secondary substances.
Sialotranscriptome proteins predicted to be secreted give clues
to the interaction between sap feeders and host plants (Mutti et al.,
2008; Hattori et al., 2012; Petrova and Smith, 2014), although
which transcripts expressed in the salivary glands are associated
with saliva proteins remains unknown. In A. pisum, Mutti et al.
reported that salivary gland secretory protein C002 (accession
number XM_001948323) was injected into the host plant during
feeding, and that RNA-interference (RNAi) knockdown of C002
led to lethality and to reduction of sap-sucking ability, although
its function was unknown at the molecular level (Mutti et al.,
2006, 2008). No C002-similar transcripts were found in GRH.
In this study, we obtained a salivary transcript list of GRH. Many
highly expressed transcripts were completely or predominantly
speciﬁc to GRH, in particular to the salivary glands. Our data are
expected to be very useful in future for elucidating their functions
in feeding and transmitting plant pathogens. In the next stage, it is
important to conﬁrm whether predicted secreted proteins are
actually secreted in GRH saliva and injected into plant tissues,
and to further investigate their effects and functions in feeding
on rice plants, using RNAi (Tomizawa and Noda, 2013), and
Y. Matsumoto et al. / Journal of Insect Physiology 71 (2014) 170–176 175genome editing methods such as TALEN and CRISPR (Miller et al.,
2011; Cong et al., 2013).
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